In all organisms, precursor tRNAs are processed into mature functional units by post-transcriptional changes. These involve 5' and 3' end trimming as well as the addition of a significant number of chemical modifications, including RNA editing. The only known example of non-organellar C to U editing of tRNAs occurs in trypanosomatids. In this system, editing at position 32 of the anticodon loop of tRNA Thr (AGU) stimulates, but is not required for, the subsequent formation of inosine at position 34. In the present work, we expand the number of C to U edited tRNAs to include all the threonyl tRNA isoacceptors. Notably, the absence of a naturally encoded adenosine, at position 34, in two of these isoacceptors demonstrates that A to I is not required for C to U editing. We also show that C to U editing is a nuclear event while A to I is cytoplasmic, where C to U editing at position 32 occurs in the precursor tRNA prior to 5' leader removal. Our data supports the view that C to U editing is more widespread than previously thought and is part of a stepwise process in the maturation of tRNAs in these organisms.
INTRODUCTION
Transfer RNAs (tRNAs) play a central role in connecting the genetic information found in DNA with the protein synthesizing machinery at the far end of the genetic information cascade. Inevitably in the process of information transfer, a tRNA must also play a crucial role in ensuring the overall fidelity of the system and clearly even the subtlest changes in the sequence of a tRNA can have drastic effects in downstream cellular processes. Within cells, however, tRNAs are not inert molecules and in the process of maturation may undergo a number of changes, most notably the acquisition of a large variety of chemical groups collectively known as post-transcriptional modifications (1,2). To date over 100 different post-transcriptional modifications have been described in tRNAs from organisms belonging to all three domains of life: Bacteria, Archaea and Eukarya (3, 4) . The majority of modifications are apparently necessary to alter the structure of a tRNA to ensure proper folding. These alterations may increase either flexibility or rigidity to portions of the tRNA structure to meet demands set forth by the translational machinery (5) (6) (7) (8) (9) . Remarkably, a majority of modifications, when tested individually, are not by themselves essential for cell viability and can in fact be viewed as structural modulators, whose full impact on cellular metabolism is not easily appreciated. This does not call into question their general importance, but rather highlights the fact that modifications play roles in global cell function that are often delicate at best.
An essential sub-set of modifications known as tRNA editing involve the 'programmed alteration' of tRNA sequences, permitting decoding of many more codons than what is implicit in the tRNA gene sequence (10) . Although editing events may indirectly affect tRNA function by repairing otherwise non-functional tRNAs (11) (12) (13) (14) , a number of editing events have direct effects in expanding a tRNA's decoding capacity (15) (16) (17) . Decoding changes imparted by tRNA editing thus provide a mechanism to effectively accommodate genetic code degeneracy. Recently, we showed that a single threonyl tRNA (tRNA Thr AGU) in trypanosomatids undergoes cytidine (C) to uridne (U) and adenosine (A) to inosine (I) editing at the same anticodon loop (18) . In vitro, C to U editing stimulates A to I formation, while in vivo every inosine containing tRNA Thr (AGU) also has the C to U edit at position 32 (18) . In turn, the heterodimeric ADAT2/3p enzymes that specify A to I in tRNA have conserved motifs that resemble cytidine deaminases yet in nature behave like adenosine deaminases (both in vivo and in vitro), leading to the proposal that both enzymes have a common ancestor dating back to the bacterial cytidine deaminases (19, 20) . Recently, we showed that in Trypanosoma brucei the tRNA A to I enzyme plays *To whom correspondence should be addressed. Tel: (614) 292 0004; Fax: (614) 292 8120; Email: alfonzo.1@osu.edu ß 2007 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. a role in both C to U and A to I editing of tRNA Thr AGU, providing, what is to date, the only direct biochemical and genetic evidence for a common ancestry to these enzymes (21) . Together, these observations have raised the question of how these reactions are specified. One possibility, at least in the case of the double-edited tRNA of T. brucei, is that inosine at position 34 is required for C to U editing.
In the present manuscript, we have followed the fate of edited tRNAs by analyzing their editing states in RNA purified from different sub-cellular fractions. We demonstrate that C to U and A to I editing of tRNA Thr isoacceptors are ordered processes where C to U editing localizes to the nucleus and thus occurs prior to tRNA export to the cytoplasm. We also show that every tRNA Thr isoacceptor undergoes C to U editing in both Trypanosoma and Leishmania suggesting that C to U editing is widespread, evolutionarily conserved and may serve important roles in tRNA Thr function in trypanosomatids.
MATERIALS AND METHODS

Cell culture and nuclei isolation
Trypanosoma brucei cells were grown in SDM-79 medium supplemented with 10% fetal bovine serum (Fisher, USA) and 1 mg/ml hemin (Calbiochem, USA). Exponentially growing cultures (2 Â 10 6 cells/ml) were harvested by centrifugation at 4000g and washed with phosphatebuffered saline. For nuclei preparations, cultures were harvested at $10 Â 10 6 cells/ml. Cells were washed in phosphate-buffered saline; suspended in lysis buffer (0.5 M hexylene glycol (Sigma, USA), 1 mM PIPES (pH 7.4) and 1 mM CaCl 2 ) (22); and broken using a Stansted Fluid Power apparatus set at 50 p.s.i. (23) . The cell lysate was cleared by two successive centrifugations at 2500g for 20 min to obtain the cytosolic cell fraction (supernatant). The pellet was suspended in lysis buffer and nuclei isolated in a density gradient created by centrifugation of 35% Percoll (Amersham Pharmacia Biotech, USA) at 60 000g for 35 min. The nuclei were collected by side puncture, washed with nuclei wash solution [0.5 M hexylene glycol (Sigma), 1 mM PIPES (pH 7.4), 1 mM CaCl 2 and 0.75 M sucrose] and pelleted by centrifugation at 2500g for 20 min. Each step of cell fractionation was monitored by phase-contrast and fluorescence microscopy by staining with 4 0 ,6-diamidino-2-phenylindole (DAPI) (23) .
cDNA synthesis and PCR amplification RNA was isolated from cells (total RNA) and/or nuclear fractions by the guanidinium thiocyanate/phenol/chloroform extraction method (24) . RNA was further treated with RQ1 (RNA qualified) RNase-free DNase I (Promega, USA). Two picomoles of the desired reverse oligonucleotide primer (ThrAGU57R:
0 -CCGAAGTGTCAATAGGCGCG-3 0 ) complementary to the 3 0 -end of the tRNA of interest was added to 5 mg of total or nuclear RNA with 10 mmol of all four deoxynucleotide triphosphates and heated at 658C for 5 min and then quick-cooled at 48C for 1 min followed by the addition of 1 ml of SuperScript II reverse transcriptase (RT) in 1Â first strand buffer followed by incubation at 508C, as described (Invitrogen, USA). Following the RT reaction, the cDNA was amplified using 2 ml of the 20 ml RT reaction as a template in a final volume of 100 ml (PCR) with 40 pmol of the appropriate forward oligonucleotide primer (ThrAGU56F:
0 -ATATCTATTAGCCCTTTCCGC-3 0 ) and 40 pmol of reverse oligonucleotide primer previously used for the RT. PCR reactions were performed using Taq DNA polymerase and incubated in a thermal cycler at a 948C denaturation step, a 508C annealing step for 40 s, and an elongation step of 728C repeated for a total of 20 cycles, following manufacturer's instructions (Perkin-Elmer Life Sciences, USA). Controls included a mock reaction in which the RT was left out of the reaction and used as a negative control to test for DNA contamination in the RNA samples and a reaction in which total genomic DNA was used as a template serving as a positive control for amplification. RT-PCR products were cloned into pCR2.1-TOPO (Invitrogen, USA). Independent clones were isolated after transformation of DH5a Escherichia coli and sequenced using Sequenase TM Version 2.0 DNA polymerase (USB, USA), per manufacturer's instructions. The dideoxynucleotide terminated sequencing reactions were separated in a 7 M urea/6% acrylamide denaturing gel, and the resulting sequences were used to ascertain the state of editing for each clone.
Acid urea gels and northern blot analysis
Acid urea gels allow the separation of aminoacylated and deacylated species of tRNA by an electrophoretic mobility shift (25) . Individual tRNAs can then be detected by northern blot analysis. Total RNA maintained in acidic conditions by suspension in 100 mM sodium acetate (pH 4.5) was separated in an acid gel (6.5% polyacrylamide gel containing 7 M urea and 0.1 M sodium acetate pH 5.0). A lane where the sample was treated for 1 h at 378C under basic conditions (10 mM Tris, pH 9.0) to deacylate the tRNA before loading was routinely used as deacylated control and also served as a size marker. Following electrophoresis, samples were transferred to a Zeta-Probe membrane (Bio-Rad, USA) according to manufacturer's directions. Alternatively to assess fraction cross-contamination, RNA (1.5 mg) from each cell fraction was separated on a 7 M urea/6% acrylamide denaturing gel. The gel was stained with ethidium bromide for RNA visualization and photography, and the RNA was transferred to Zeta-Probe membranes (Bio-Rad) according to the manufacturer's directions. The membranes were hybridized at 458C with the appropriate oligonucleotides, which were 5 0 -end-labeled with [g-32 P]ATP (GE Biosciences, USA) using T4 polynucleotide kinase (New England Biolabs, USA). The hybridization and wash conditions were as per the manufacturer's directions.
The following oligonucleotide probes were utilized for northern analysis: U6-snRNA 856R:
Coupled oxidation RT-PCR assays (oxopap assays)
To corroborate the editing state of aminoacylated species, we perform coupled oxidation-RT-PCR assays (oxopap assay) (18) . Total aminoacyl-tRNAs were extracted under acidic conditions (using phenol equilibrated with 0.3 M sodium acetate, pH 4.5 and 10 mM EDTA), ethanolprecipitated, and suspended in 10 mM sodium acetate, pH 4.5 and 1 mM EDTA. The RNA was then split into two fractions. One fraction was deacylated by incubation at 378C for 1 h in a basic buffer (10 mM Tris, pH 9.0) followed by oxidation of the 3 0 -ribose by treatment with 40 mM NaIPO 4 in ice for 90 min. The second fraction was directly oxidized by NaIPO 4 followed by deacylation as above. Both fractions were individually polyadenylated by incubation of the RNA at 378C for 45 min in buffer containing 20 mM Tris, pH 7.0, 50 mM KCl, 0.7 mM MgCl 2 , 0.2 mM EDTA, 1 mM DTT, 0.1 mg/ml bovine serum albumin, 10% glycerol, 500 mM ATP and 1700 U of yeast poly(A) polymerase in 100 ml of reaction buffer. The reaction was then supplemented with 30 ml of 5 Â E. coli poly-A buffer (200 mM Tris, pH 7.0, 1 M NaCl and 25 mM MgCl 2 ), 15 ml of 5 mM ATP, 1 ml of 0.1 M DTT, 3.5 ml of MnCl 2 and 3 U of E. coli poly(A) polymerase and incubated further for 45 min at 378C. The reactions were phenol-extracted and ethanol-precipitated. Both samples were then used in RT-PCR reactions. First, a 3 0 -primer specific for the poly(A) tail was used to RT-PCR the polyadenylated RNA followed by PCR with the RT primer and a 5 0 -specific primer specific for the tRNA of interest in a 100 ml PCR reaction as above. One microliter of this reaction was used as a template for a second PCR reaction in which both primers were specific for the tRNA of interest. The resulting product was purified, cloned into pCR2.1-TOPO (Invitrogen), and transformed into DH5a E. coli, and individual clones were sequenced to establish editing levels.
Western blots and immunofluorescence analysis
For western blots, protein fractions isolated as above were separated by 10% SDS-PAGE and transferred onto nitrocellulose filters as described (21) . Membranes were incubated with antibodies specific for enolase (cytoplasmspecific marker) and/or antibodies specific to the TY tag (below) or antibodies specific to TbADAT2p (21) .
For immunofluorescence detection, the protocol was carried out as described previously with minor modifications (Munoz-Jordan and Cross, 2001). Briefly, 1 Â 10 6 procyclic forms were washed with phosphate buffer saline (PBS) before fixing in 2% formaldehyde in PBS for 10 min at 48C. The fixed cells were attached onto glass cover slips and permeabilized with 0.2% NP-40 in PBS for 10 min at room temperature. Monoclonal TY BB2 antibody was used to detect ADAT2-TY, DAPI and Mitotracker were used to stain DNA and mitochondria, respectively. Monoclonal antibody was visualized with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse antibody. Cells were mounted in anti-fade mounting solution and analyzed with fluorescence microscope (Zeiss, Axioplan 2). Images were captured using MetaVue acquisition software (Universal Imaging, USA).
RESULTS
All three threonyl-tRNA isoacceptors undergo C to U editing in the anticodon loop
In all eukaryotes and most bacteria (but not archaea), tRNAs that are encoded with an adenosine at position 34 (the wobble nucleotide) are the subject of adenosine (A) to inosine (I) editing. Kinetoplastids are not an exception and in both T. brucei and Leishmania tarentolae all A34-containing tRNAs get edited, where I34 then permits decoding of the C-ending codons for the amino acids Ala, Arg, Ile, Leu, Pro, Ser, Thr and Val (Gaston and Alfonzo, unpublished data). Previously, we showed that tRNA Thr AGU undergoes two distinct editing events in the anticodon loop, whereby every I34 containing tRNA Thr also contains a C to U editing at position 32 in vivo (18) . This observation raised the question of a possible interrelation between the two editing events, where either C to U is necessary for A to I formation or the reverse is true (i.e. A to I is necessary for C to U formation). Establishment of an efficient A to I editing assay led us to conclude that in vitro the presence of U32 (and no other nucleotide substitution at position 32) had a stimulatory effect, but it was not required, in the further formation of I34 (18) . Still a standing question is whether the reverse is true, that A to I maybe required for C to U formation. The lack of an efficient in vitro C to U editing assay for tRNAs in any system (be it plants, marsupials or trypanosomatids) has thus far precluded answering some questions about editing and/or modification and their possible interrelation. To address the issue of editing site interrelation, we have used sequence comparative analysis coupled with an in vivo approach. We compared the sequence of the double-edited tRNA (tRNA Thr AGU) to that of the two remaining tRNA Thr isoacceptors (anticodon UGU and CGU) ( Figure 1 ). All three tRNAs differ at a number of nucleotide positions in their backbone sequences (sequences not including the anticodon arm). Importantly, all three isoacceptors contain nearly identical anticodon loop sequences, including a C at position 32, the edited position in tRNA Thr AGU, raising the possibility that the other two isoacceptors also undergo C to U editing in vivo. In addition, the L. tarentolae homologous isoacceptors have identical anticodon arm sequences to that of the T. brucei tRNA Thr . We designed oligonucleotide primers specific for each of the two additional tRNA Thr isoacceptors (Figure 1 ), whereas a 3 0 -specific oligomer was used to reverse transcribe tRNA Thr from total T. brucei RNA. The resulting cDNA was then used as a template for PCR amplification with the same 3 0 primer and a 5 0 -specific primer. Specific amplification products were obtained with these sets of primers when the reaction was performed in the presence of RT (Figure 2A ), but was absent in 'mock' controls where the enzyme was omitted from the reactions. Indicating that the observed products are derived from reverse transcription of the RNA template and not from genomic DNA contamination. A product of identical size was obtained when both primers were used to amplify tRNA Thr from total genomic DNA used as a positive control for amplification (Figure 2A ). Similar results were obtained when L. tarentolae RNA and/or DNA was used in the RT-PCR and PCR reactions (data not shown). Both the cDNA-derived and the genomic DNA-derived products were then cloned into a plasmid vector, transformed into E. coli and a number of independent clones sequenced ( Figure 2 ). We found that both tRNA Thr CGU and -UGU undergo C to U editing at position 32 of the anticodon loop despite lacking an encoded A34 ( Figure 2B ). The observed editing (5 out of 29 clones, 17%) for the tRNA Thr CGU and UGU (1 out of 30 clones, 3%) isoacceptors is lower than that observed for the double-edited tRNA Thr AGU (18) (Figure 2C ). Again similar numbers were obtained when the analogous products were sequenced from L. tarentolae sub-cellular fractions ( Figure 2C ). These results show that C to U editing of cytoplasmic tRNAs is more widespread than previously thought and is conserved among different trypanosomatid species. We also tested the possibility that other C32 containing tRNAs may undergo C to U editing at position 32, no editing was found in either tRNA Arg or tRNA Ile (data not shown). Notably these two tRNAs undergo A to I at position 34. Still our findings suggest that C to U editing may occur in other tRNAs in these organisms, perhaps at different positions, but this will remain an open question. The occurrence of C to U editing in tRNAs which lack an encoded A34 also rules out the possibility of inosine as a pre-requisite for C to U formation in these organisms.
Both edited and unedited isoacceptors are functional in T. brucei
Previously we showed that both the double-edited and unedited versions of tRNA Thr AGU were actively aminoacylated. We also showed that although in vivo neither Figure 1 . The threonyl tRNA isoacceptors from T. brucei. The tRNA Thr AGU was previously shown to undergo two editing events in the same anticodon loop (denoted by arrowheads in the figure). The other two isoacceptors (anticodon CGU and UGU, respectively) have a number of nucleotide differences in their backbone sequence but bear nearly identical anticodon loops, position 34 being the exception. Gray letters and boxed nucleotides mark positions that differ between the double-edited tRNA and the UGU and CGU isoacceptors, respectively. Arrows mark the position of the isoacceptor-specific primers used for RT-PCR and PCR reactions presented in this work.
editing event played a major role as an aminoacylation determinant, the fact that both species are substrates for aminoacylation indicated that both were functional in translation. To examine the fate of the two edited isoacceptors, we performed similar experiments using our oxopap assay as previously described (18) . Briefly, total RNA was isolated under acidic conditions and treated with sodium periodate which can oxidize free vicinal hydroxyls at the 3 0 ends of RNA to form a dialdehyde, whereas tRNAs that bear an amino acid remain intact. Following oxidation, total tRNA was deacylated and incubated with ATP and poly(A) polymerase and used in a reverse transcription reaction with a tagged oligo-T primer specific for the poly(A) tail. Followed by PCR with a forward primer specific for the tRNA of interest and a reverse oligo complementary to the tag added during reverse transcription. The resulting products were cloned, transformed into E. coli and a number of independent clones analyzed by sequencing to assess the editing states of tRNAs that are aminoacylated in vivo. In this assay, only aminoacylated tRNAs are protected from periodate oxidation and can be amplified. A negative control of deacylated tRNA was used to show that only aminoacylated tRNAs are substrates for polyadenylation. (Figure 3A) . We found that a majority of the clones sequenced were edited at C32 (65% and 68% for tRNA Thr CGU and -UGU, respectively) ( Figure 3B ). Surprisingly these numbers are higher than those observed with total RNA. It is possible that during isolation the unedited tRNAs are preferentially deacylated, over the edited ones, which will skew the numbers from the oxidation-RT-PCR assay. To rule out this possibility, we also separated total RNA in an acid polyacrylamide gel for analysis of their aminoacylation extent by northern blots with radioactive probes specific for each tRNA. This experiment showed that a majority of the tRNA is aminoacylated in vivo and remained aminoacylated throughout the purification process ( Figure 3C) , as indicated by the shifted band observed during acid-gel electrophoresis as compared to a control RNA sample that was deacylated prior to electrophoresis. Alternatively, it is possible that the higher numbers may indicate a preference for the synthetase to charge the edited tRNAs, however we deem this possibility unlikely, given that aminoacylation experiments with the double-edited tRNA showed no such preference. Furthermore, should a preference exist, the acid gel northern analysis would have shown charging efficiencies commensurate with the 17-21% editing levels. Likely, the higher editing levels may be due to the presence of either oxidation-labile modifications (or some other modifications) that under normal RT-PCR conditions prevent amplification of all the tRNA species in a given sample and as such leads to a misrepresentation of the actual editing levels. Regardless, qualitatively these results show that, like in the case of the double-edited isoacceptor, these tRNAs are also functional in vivo in that they are efficiently utilized by the synthetase as a substrate. 
Differential intracellular localization of C to U and A to I editing
Although A to I editing of tRNA has been known for many years, little is known about the intracellular distribution of these editing events. In the case of A to I mRNA editing, it is well established that the editing enzyme localizes to the nucleus/nucleolus of mammalian cells (26) . We decided to probe the intracellular distribution of the two editing events in trypanosomatids. We have previously developed purification methods that generate sub-cellular fractions with negligible crosscontamination (23) . We have used similar methods to isolate total nuclear and cytoplasmic RNA fractions from T. brucei. These fractions were used in northern analysis to assess the relative purity of the fractions. RNAs were transferred to nitrocellulose membranes and hybridized to compartment-specific radioactive probes as described in the 'Materials and Methods' section. These probes were either specific for U6 snRNA (a nuclear marker) or spliced leader RNA (a nucleo-cytoplasmic marker which is predominant in the cytoplasm). As expected hybridization signals were observed which established that these fractions have little cross-contamination from other cellular compartments ( Figure 4A ). RNAs from these preparations were used for RT-PCR analysis as described earlier, where once again a number of independent clones were sequenced to assess editing levels ( Figure 4B and C) . All three isoacceptors showed C to U editing in the nuclear fractions with 17%, 14% and 1.5% edited for tRNA Thr CGU, tRNA Thr UGU and tRNA Thr AGU, respectively. However, since every subcellular marker used in northern analysis to assess fraction purity corresponds to an RNA that is inevitably transcribed in the nucleus and transits to the cytoplasm, it could be argued that the observed values could be due to cytoplasmic contamination of our nuclear fractions. Notably, however, in the case of the tRNA Thr AGU, no single clone out of a total of 66 analyzed contained the A to I editing event. Similar RT-PCR reactions were performed with tRNA Val AAC, which also contains an adenosine at the first position of the anticodon and undergoes A to I editing. Again, no inosine-containing clone was observed with this particular tRNA, which in the cytoplasm is 97% edited from A to I (29 out of 30 clones) (data not shown). In addition, negligible A to I editing activity was detected when labeled tRNA Thr AGU was incubated with nuclear protein fractions (data not shown). Taken together, this observation suggests that C to U editing of tRNAs occurs in the nucleus prior to export to the cytoplasm, while A to I editing is a cytoplasmic event.
C to U editing of tRNA Thr precedes 5' end maturation
Marchfelder and co-workers showed that in plant mitochondria, C to U editing of tRNAs follow a specific Figure 4 . C to U but not A to I editing is a nuclear event in tRNA Thr AGU. (A) Total (T), nuclear (N) and cytoplasmic (C) RNA was purified as previously described (Materials and Methods section) and analyzed by northern blots. The same membrane was probed with either a spliced-leader RNA-specific probe, which is a mostly cytoplasmic RNA or with a U6 RNA-specific probe, a nucleus-specific marker, to assess the level of purity of each fraction. (B) The nuclear fraction from (A) was used for RT-PCR with tRNA Thr AGU-specific primer. 'RT+' and 'RTÀ' refer to reactions performed either in the presence or absence of reverse transcriptase, where the RTÀ reaction serves as a control for DNA contamination. (C) The RT-PCR product from (B) was cloned into a plasmid vector and 65 independent clones sequenced. Only 1 out 66 clones analyzed contained the C to U editing at position 32 but none had the A to I editing at 34, these numbers were compared to our previous results with total RNA were 18 out of 30 clones were double edited. Similarly, a number of clones for the other two isoacceptors were analyzed and both were edited to significantly higher levels. Thr isoacceptors are substrate for aminoacylation in vivo. (A) Total RNA from T. brucei was extracted under acidic conditions and aminoacylation levels were correlated to editing levels by the oxopap assay as described. (B) Independent clones derived from the '+aa' reaction (in A) were used in the OXOPAP assay (Materials and Methods section) and analyzed by sequencing. In all cases both edited and unedited species are substrates for aminoacylation in vivo. (C) Total RNA from the same fraction as above was also separated by acid denaturing polyacrylamide electrophoresis and probed with radioactive oligonucleotides specific for either tRNA Thr AGU (top panel) or tRNA Thr CGU/UGU. The probe used does not discriminate between the CGU and UGU isoacceptors. 'Àaa' refers to a control reaction in which the RNA was deacylated by incubating under basic conditions prior to analyses. '+aa' refers to the aminoacylated fractions purified and kept under acid pH.
sequence of events, where editing is required for 3 0 processing of a 5 0 matured tRNA. Therefore, in plant mitochondria C to U editing restores base pairing in the anticodon necessary for 3 0 trailer removal. Our nuclear localization results have thus led us to explore the possibility that like in plant organelles nuclear tRNA editing also follows an orderly cascade. We generated oligonucleotide primers specific for either the 5 0 or 3 0 precursor tRNAs and used them in RT-PCR reactions ( Figure 5 ). These reactions generated products of a size consistent with that of a pre-tRNA containing, either the 5 0 leader, the 3 0 trailer or both. These products were cloned into a plasmid vector individually analyzed, by cloning and sequencing a number of independent clones. We found that 76% (19 out of 25) of the 5 0 -precursor containing clones had undergone C to U editing at position 32, whereas none of the clones containing either a 3 0 trailer or both the 5 0 and 3 0 extensions were edited (i.e. all have a C at position 32). Our observations reinforce the view that C to U editing is a nuclear, orderly process that occurs prior to 5 0 end maturation and likely following 3 0 end removal. This observation also suggests that in vivo the pre-tRNA is in fact the natural target of C to U editing.
Sub-cellular localization of the catalytic sub-unit of the A to I editing enzyme (TbADAT2p)
We have recently reported that the catalytic component of the A to I editing enzyme (ADAT2p) may play a role in both A to I and C to U editing in trypanosomatids, since down-regulation of TbADAT2p led to a concomitant decrease in both A to I and C to U editing levels in tRNA Thr AGU (21) . In light of our current results, we decided to also explore the sub-cellular localization of the ADAT2 protein. Protein fractions were isolated by similar methods as described in Materials and Methods section and then analyzed by western blot with antibodies specific for ADAT2. We observed a low but significant signal for this protein in both the cytoplasmic and nuclear fractions ( Figure 6 ). However, due to the relative low titer of this antibody, we also performed similar analyses but with protein extracts from cells transformed with an epitopetagged copy of ADAT2. Again we found a measurable amount of TbADAT2p localized to the nucleus ( Figure 6 ). This finding was further supported by immunofluorescence assay that showed the co-localization of the ADAT2p signal with DAPI. Taken together, these observations support the view that ADAT2p's role in both editing events and its intracellular localization correlates with the distribution of C to U and A to I editing in these cells.
DISCUSSION
Due to the inherent intracellular organization of eukaryotic cells, RNA processing may take place in different cellular compartments, which in turn may set an order to RNA maturation events. The intracellular distribution of a particular enzyme, or cellular component, may lead to effects in the regulation of gene expression in a more temporal manner (27) (28) (29) (30) . In the case of mRNA editing for example, different editing enzymes have different Figure 6 . TbADAT2p localizes to both the nucleus and the cytoplasm. (A) Western blot with polyclonal antibodies specific for TbADAT2 (anti-TbADAT2). 'Anti-enolase' refers to polyclonal antibodies specific for enolase (a known cytoplasmic marker). (B) TbADAT2p was tagged with a TY epitope and expressed in procyclic T. brucei. 'anti-TY' refers to a western blot with antibodies specific for the epitope tag. 'Antienolase' refers to the enolase antibody used as a control as described above. 'Total', 'cyto' and 'nuc' refer to whole-cell, cytoplasmic and nuclear protein fractions, respectively. (C) Immunofluorescence experiments where cells transformed with the recombinant epitope-tagged TbADAT2 (TbADAT2-TY) (left panels) or cells transformed with TY alone (right panels) were stained with DAPI to determine the position of the nuclei (blue) or with fluorescent anti TY-antibodies (green). Two trypanosome cells are shown; in the first, TbADAT2-TY is detected within the nucleus (arrow); in the second, TbADAT2 is excluded from the nucleus. The location of the nucleus is marked with 'n'; 'k' denotes the location of the kinetoplast (mitochondria). intracellular compartmentalization like the case of the C to U editing enzyme apobec (31) (32) (33) (34) (35) (36) (37) or the A to I enzymes, ADARs (38) . In particular cases even the sub-nuclear localization of an editing enzyme may have tremendous effects in the regulation of editing activity (26) . For instance, nucleolar sequestration of ADAR1 has been correlated with regulation of editing activity (26) . Although previous studies have focused on the mRNA editing enzymes and a number of key observations have been made in the last several years, to date little is known about the intracellular distribution of the analogous enzymes that edit tRNA.
We have analyzed the distribution of edited and preedited tRNA Thr species from different sub-cellular fractions. We show that C to U editing occurs in the nucleus prior to 5 0 tRNA trimming, but following 3 0 end processing. This observation suggests that C to U editing may be required for 5 0 cleavage, analogous to what has been observed in plant mitochondria where tRNA editing at the acceptor stem is an ordered and required process for 3 0 end cleavage (11, 39, 40) . However, in trypanosomatids this may not be true in that even in cytoplasmic fractions matured and fully aminoacylatable pre-edited tRNAs coexist with the edited ones (18) , implying that unedited tRNAs are good substrates for end-trimming. Our findings also suggest that for all tRNA Thr isoacceptors, 3 0 cleavage may precede 5 0 leader removal. This is unusual in that is widely accepted that 5 0 maturation is a prerequisite for 3 0 cleavage. One notable exception is the case of tRNA Trp in S. cerevisiae, the only tRNA in this organism for which the order is reversed (i.e. similar to tRNA Thr in T. brucei) (41). However, a recent report in trypanosomatids showed that at least for the initiator tRNA Met , 3 0 cleavage was required for 5 0 leader removal, leading to the suggestion that unlike most organisms 3 0 cleavage followed by 5 0 leader removal was the prevailing pathway for tRNA end-trimming. Our data further supports this proposal and implicitly means that trypanosomatids either have a different 3 0 trimming enzyme or that the enzyme is similar to that of other eukaryotes but with an alternative mode of substrate recognition (i.e. not requiring a processed 5 0 end). The observed differences in the number of edited clones between nuclear and total RNA may be partly explained by differential rates of export from the nucleus or alternatively by different rates of editing and processing. We suggest that the observed order of events described here reflects more on the requirement for 3 0 end cleavage prior to editing than editing as a determinant for 5 0 maturation. How then may 3 0 cleavage affect C to U editing? Although currently we do not have a precise answer to this question, it is possible that the effect may be either direct, where a recessed 3 0 end may be a required point of contact by the C to U editing enzyme or indirect, where the mature end is required for a modification which is in turn required for editing. Still, however, in the absence of knowledge of the complete modification set for this tRNA and a robust C to U editing assay, this will remain an open question.
We have recently shown that one of the components (TbADAT2p) of the enzyme that catalyzes A to I editing in trypanosomatids plays a role in both C to U and A to I editing of a single tRNA Thr AGU in T. brucei (21) . We had also previously showed that C to U editing at position 32 of the anticodon loop played a stimulatory role on the further A to I editing at the first position of the anticodon in the same tRNA. However, in vitro only A to I but not C to U editing activity could be reconstituted with recombinant proteins. This led to a scenario in which A to I could be required for C to U editing. In the absence of an efficient C to U editing assay, we explored the possibility that other tRNA Thr isoacceptors (which do not contain an encoded A34) could also undergo C to U editing. We found that, in fact, in vivo under steady-state growth every tRNA Thr undergoes C to U editing, ruling out the possibility that A to I editing is required for C to U. We thus suggest that the inability to recreate C to U editing in vitro (in this and other systems) may reflect the absence of other factors required for substrate recognition by the editing enzyme. Some of these factors could likely be post-transcriptional modifications and will thus require further analysis. Indeed, modifications are intermediates for further editing and/or modifications both in vivo and in vitro in archaea (42) (43) (44) (45) . Likewise even editing can be a pre-requisite for further modification like in the example of marsupial mitochondria. In this rather unique case, C to U editing of the neighboring nucleotide in tRNA Asp is required for queuosine (Q) formation at position 34 of the anticodon (46) .
In light of our previous reports suggesting that TbADAT2p plays a role in both events, predictably this enzyme should also localize to both the nucleus and cytoplasm. In line with this proposal, we have shown that although the bulk of TbADAT2p signal is found in the cytoplasm, a measurable amount is also observed to shuttle to the nucleus. We propose a model ( Figure 7 ) by which sub-cellular localization of the eukaryotic editing deaminases may alter their specificity. In the trypanosomatid example, this model suggests that TbADAT2p may have different specificity depending on two variables: its sub-cellular localization (i.e. nuclear, cytoplasmic and maybe even mitochondrial) or its association with different protein subunits. The first part of the model is supported by the nuclear localization experiments. The second part of the model is more difficult to test, as it requires prior knowledge of who associates with whom within a cell. However, in a way nature has already performed the experiment for us. ADAT2p and ADAT3p, cyitidine deaminases in terms of primary sequence, pair up in the form of a heterodimer and indeed act as adenosine deaminases in tRNA (19, 21) . Finally, beyond what subunit distribution and altered specificity may contribute to editing regulation, the role that either C to U editing and/ or its nuclear localization plays in these cells is not yet clear. However, taken together, the data presented here show that these types of editing events may affect many more tRNA substrates than previously imagined and that sub-cellular localization as well as the order of tRNA
